The unicellular cyanobacterium Cyanothece ATCC 51142 is capable of oxygenic photosynthesis and biological N 2 fixation (BNF), a process highly sensitive to oxygen. Previous work has focused on determining protein expression levels under different growth conditions. A major gap of our knowledge is an understanding on how these expressed proteins are assembled into complexes and organized into metabolic pathways, an area that has not been thoroughly investigated. Here, we combined sizeexclusion chromatography (SEC) with label-free quantitative mass spectrometry (MS) and bioinformatics to characterize many protein complexes from Cyanothece 51142 cells grown under a 12 h light−dark cycle. We identified 1386 proteins in duplicate biological replicates, and 64% of those proteins were identified as putative complexes. Pairwise computational prediction of protein−protein interaction (PPI) identified 74 822 putative interactions, of which 2337 interactions were highly correlated with published protein coexpressions. Many sequential glycolytic and TCA cycle enzymes were identified as putative complexes. We also identified many membrane complexes that contain cytoplasmic domains. Subunits of NDH-1 complex eluted in a fraction with an approximate mass of ∼669 kDa, and subunits composition revealed coexistence of distinct forms of NDH-1 complex subunits responsible for respiration, electron flow, and CO 2 uptake. The complex form of the phycocyanin beta subunit was nonphosphorylated, and the monomer form was phosphorylated at Ser20, suggesting phosphorylation-dependent deoligomerization of the phycocyanin beta subunit. This study provides an analytical platform for future studies to reveal how these complexes assemble and disassemble as a function of diurnal and circadian rhythms.
■ INTRODUCTION
Cyanobacteria are photosynthetic organisms that have played important roles in harvesting solar energy on a global scale and in the evolution of the oxygenic atmosphere. 1 They have great potential as a platform for carbon sequestration and biological energy production. 2−5 Flexible and diverse metabolic capabilities allow them to adapt to a wide range of environments. Among them, unicellular species such as Cyanothece 51142 can also fix atmospheric N 2 , a process highly sensitive to oxygen. 6 This ability to carry out two opposite biological processes within the same cell makes it an interesting model system to investigate the fundamental processes of photosynthesis, respiration, biological N 2 fixation, and carbon sequestration. 7, 8 Cyanothece 51142 produces oxygen and stores photosynthetically fixed carbon in the form of glycogen granules during the day and subsequently metabolizes stored carbon to produce excess energy and to create an O 2 -limited intracellular environment. 9, 10 Respiratory electron transport scavenges oxygen to establish anaerobic intracellular conditions necessary for N 2 fixation. Thus, cyanobacteria are known to perform substantially different metabolic processes during the light− dark periods. The diversity of metabolic pathways allows them to succeed in a wide variety of environments and provide a wealth of targets for metabolic engineering of energy-rich biomolecules. These diverse metabolic processes are governed not only by the expression and relative abundances of proteins but also by their association, localization, modifications, as well as spatial and temporal distribution of functionally active protein complexes. Protein oligomerization is a central feature of many cellular control mechanisms, and the changes in metabolic activities of these microbes between the light and the dark periods must originate, in part, from the assembly and disassembly of protein complexes and cellular structure along the cycle. A thorough understanding of the biology of cyanobacteria requires in-depth knowledge of the composition and dynamics of multiprotein complexes, an area that has not been thoroughly investigated.
Cyanothece 51142 show distinct circadian rhythms of photosynthesis and N 2 fixation with peaks every 24 h that are 12 h out of phase from each other. The genome indicates a wealth of metabolic potential, in addition to very active photosynthesis and CO 2 uptake mechanisms. 8 Under N 2 -fixing conditions, Cyanothece 51142 cells become filled with large granules between the photosynthetic membranes. 9, 11 These granules contain semiamylopectin and are more similar to starch than to typical bacterial glycogen. The branching pattern of this starch-like material is quite different from glycogen, and Cyanothece 51142 has a series of branching and debranching enzymes that might be involved. The composition and dynamics of assembly/disassembly enzyme complexes in Cyanothece 51142 for these glycogen granules are still outstanding. The sequencing of the genome 8 and the analysis of the transcriptome 12−14 and the proteome 7,15−17 have uncovered many diurnal-and circadian-controlled genes and protein expressions. However, the oscillation of proteins was less pronounced compared to the transcripts, 18 leaving us to speculate that the inventory of the genes and the proteins alone is not adequate to comprehend this organizational hierarchy. This led to the hypothesis that the molecular adaptation of Cyanothece 51142 occurs at a higher level organization of protein complexes and protein−protein interactions (PPIs).
In recent years, there have been increasing efforts directed toward generating proteome-wide maps of PPIs. 19 The most commonly used high-throughput methods for the study of protein complexes are yeast-two-hybrid (Y2H) screens 20, 21 or affinity purification-mass spectrometry (AP-MS). 22−24 The Y2H screens are expensive, time consuming, and incomplete. 25 The N-or C-terminal tagging in the AP-MS method can affect the expression and interaction of endogenous proteins, 24, 26 and the application of an AP-MS method is also limited by the availability of tagged constructs or antibodies.
An alternative size-based fractionation of native proteins via an SEC column combined with the high-resolution LC-MS/ MS has recently been introduced. 27 SEC combined with LC-MS was applied to a non-N 2 -fixing cyanobacterium Synechococcus elongates PCC 7942, 28 Arabidopsis cytosol, 19, 29 and chloroplast 30 as well as human cell lysates. 31, 32 In this study, we combined size fractionation of native proteins using Superdex 6 column with label-free LC-MS profiling and bioinformatic analysis to identify subunits of protein complexes in Cyanothece 51142. Many proteins involved in key physiological processes including the capture of sunlight to produce energy and evolve O 2 , the capture of N 2 to make fixed nitrogen, the capture of CO 2 for fixed carbon, the storage of large amounts of carbohydrates that represent potential energy, and ridding the cytoplasm of toxic oxygen were identified as large protein complexes. The quality of the LC-MS profiling and complex prediction was evaluated by comparing two independent biological experiments in parallel and by the identification of previously characterized protein complexes.
EXPERIMENTAL METHODS

Cell Growth and Protein Extraction
Cyanothece 51142 cells were maintained as previously described 6 in ASP2 medium with NaNO 3 at 30°C and continuous illumination of white light at 50 μmol of photons m −2 s −1 . Cultures for this study were also grown in the same growth medium by inoculating 1/10 volume of the stock cell cultures and maintained at 30°C under 12 h light/dark cycle for 7 days before harvesting at 6 h into the light period. Cells were exposed to 50 μmol of photons m −2 s −1 white light during the light period. Cells were harvested by centrifugation at 14 000 rpm for 10 min at 4°C. Pelleted cells were gently washed 2 times with ice-cold cell lysis buffer (20 mM Tris-HCl, pH 7.5, 5% glycerol, 50 mM KOAc, 2 mM Mg(OAc) 2 , 1 mM EDTA, 1 mM EDTA, 0.5 mM DTT) followed by resuspension in 1 mL of the ice-cold lysis buffer. Cells were broken using a Precellys 24 Bead Mill Homogenizer (Bertin) at 6500 rpm for 3 cycles, each cycle lasting for 30s. Cell lysate was centrifuged at 14 000 rpm for 20 min at 4°C, and proteins in the supernatant were separated using size exclusion chromatography (SEC). Protein concentration was measured using a bicinchoninic acid (BCA) assay (Pierce Chemical Co., Rockford, IL) before being separated in the SEC column.
Size Exclusion Chromatography
The soluble fraction (0.5 mL, ∼1 mg) was separated on a Superdex 200 10/300 GL column (GE Healthcare) using an ÄKTA FPLC system (Amersham Biosciences). Elution from the SEC column was performed with 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , and 5% glycerol at a flow rate of 0.2 mL/min, and absorbance was monitored at 280 nm. Two biological replicates were processed identically. The column was calibrated using protein standards (MWGF1000, Sigma-Aldrich, St. Louis, MO) covering a mass range from 29 to 669 kDa. The void volume was measured with blue dextran. SEC separation was performed at 6°C, and 20 SEC fractions of 500 μL were collected for mass spectrometry analysis as described below.
Sample Preparation for LC-MS Analysis
Sample preparation was carried out as described previously. 15 Briefly, proteins were denatured by adding 50 μL of 8 M urea for 1 h at room temperature, and the concentration in each fraction was determined by BCA assay. Proteins were reduced with 10 mM dithiothreitol (DTT); then cysteines were alkylated with IAA. Digestion was performed at 37°C overnight using mass spec-grade trypsin and Lys-C mix from Promega at a 1:25 (w/w) enzyme-to-substrate ratio. The digested peptides were desalted using Pierce C18 spin columns (Pierce Biotechnology, Rockford, IL). Peptides were eluted using 80% acetonitrile (ACN) containing 0.1% formic acid (FA) and dried in a vacuum concentrator at room temperature. Dried clean peptides were resuspended in 80 μL of the buffer containing 97% purified water, 3% ACN, and 0.1% FA. Peptides were loaded to the LC column by an equal volume (5 μL), not by an equal amount or concentration. In 80 μL of solution, the peptide concentration of the fraction that contained the highest protein amount (in this case fraction 21 in both biological replicates) was 0.2 μg/μL. switched in-line with the analytical column after 5 min. Peptides were separated using a reverse phase Acclaim PepMap RSLC C18 (75 μm × 15 cm) analytical column using a 120 min method at a flow rate of 300 nL/min. The analytical column was packed with 2 μm 100 Å PepMap C18 medium (Thermo Scientific). Mobile phase A consisted of 0.01% FA in water, and a mobile phase B consisted of 0.01% FA in 80% ACN. The linear gradient started at 5% B and reached 30% B in 80 min, 45% B in 91 min, and 100% B in 93 min. The column was held at 100% B for the next 5 min before being brought back to 5% B and held for 20 min to equilibrate the column. Sample was injected into the QE HF through the Nanospray Flex Ion Source fitted with a stainless steel emission tip from Thermo Scientific. Column temperature was maintained at 35°C. MS data was acquired with a Top20 data-dependent MS/MS scan method. The full MS spectra was collected over the 400−1650 m/z range with a maximum injection time of 100 ms, a resolution of 120 000 at 200 m/z., and AGC target of 1 × 10 6 . Fragmentation of precursor ions was performed by high-energy C-trap dissociation (HCD) with the normalized collision energy of 27 eV. MS/MS scans were acquired at a resolution of 15 000 at m/z 200. The dynamic exclusion was set at 15 s to avoid repeated scanning of identical peptides. Instrument optimization and recalibration was carried out at the start of each batch run using the Pierce calibration solution. The sensitivity of the instrument was also monitored using an E. coli digest at the start of sample runs. Mass spectrometry raw data may be accessed from the MassIVE data repository (https://massive.ucsd.edu/) under MSV000082916.
Data Analysis
All LC-MS/MS data were analyzed using MaxQuant software (v. 1.5.3.28) 33−35 against the Cyanothece 51142 genome (http://img.jgi.doe.gov/cgi-bin/w/main.cgi) that contained 5300 nonredundant protein sequences. MaxQuant includes common contaminants as a default. No external contaminants were added to the database. The minimal length of six amino acids was required in the database search. The database search was performed with the precursor mass tolerance set to 10 ppm, and MS/MS fragment ions tolerance was set to 20 ppm. The database search was performed with the enzyme specificity for trypsin/Lys-C, allowing up to two missed cleavages. Oxidation of methionine (M) and phosphorylation of STY (pSTY) was defined as variable modifications, and carbamidomethylation of cysteine was defined as a fixed modification. MaxQuant search was performed as target decoy, and the false discovery rate (FDR) of peptide spectral match (PSM) and protein identification was set at 0.01. After the search peptides without any identifiable peak (0 intensity) and with no MS/ MS counts were removed from consideration. At the protein level, proteins with 0 intensity and with 1 MS/MS counts were also removed from consideration. The "unique plus razor peptides" were used for peptide quantitation. Razor peptides are the nonunique peptides shared between the protein groups with the most other peptides. To increase the number of peptides that can be used for protein quantification and relative abundance profiling across SEC fractions, we enabled the "match between runs" function with a maximum retention time window of 1 min. This "match between runs" allows the transfer of peptide identification between fractions in the absence of peptide sequencing by MS/MS spectra, utilizing their accurate mass and aligned retention time. 33 The identified peptides and protein groups with their raw intensities were exported to Microsoft Access 2010 to perform subsequent analyses. The correlation coefficients between SEC fractions were calculated using the Data Analysis and Extension Tool (DAnTE). 36 
Data Normalization and Clustering of Protein Profiles
In a protein elution profile, the peak is defined as the elution fraction with the largest abundance among all fractions in each SEC experiment. Since the SEC experiment was repeated twice independently, the two independent experiments should generate similar elution profiles for the same protein.
To ensure the quality of the elution profiles, the difference of the index of peak fraction was checked between the two SEC experiments, and only proteins with a peak index shift within 2 fractions were selected for clustering analysis, which indicates the SEC experimental results are consistent. Since the experiments were performed independently, the elution profiles generated by the two independent experiments were normalized independently by dividing the corresponding maximum intensity among each experiment. The elution profiles of Bio1 and Bio2 were normalized separately by dividing the LFQ intensities by the maximum intensity among the 20 fractions. The normalized 20 fractions from Bio1 and 20 fractions from Bio2 were concatenated into 40 fractions and clustered using the Euclidean distance measurement and the different combination of hierarchical methods such as average, complete, mcquitty, and ward. For each clustering method, different numbers of clusters were applied by cutting the dendrogram tree at different distances to determine the optimum number of clusters. Clustering results were compared with some known protein complexes to determine the cluster quality and the optimal cluster numbers.
Sequence-Based PPI Prediction
For sequence-based pairwise PPI prediction, 37 the amino acid sequences of Cyanothece 51142 proteins were downloaded from CyanoBase ( http://gen ome.annotatio n.jp/ CyanoBase). 38 The experimental results contained GeneBank protein IDs starting with "gi" and were converted into RefSeq ID following instructions on the GenBank webpage and the UniProt database. 39 For predicting PPI based on sequence information, we considered seven physiochemical properties including hydrophobicity, hydrophilicity, volumes of side chains of amino acids, polarity, polarizability, solvent-accessible surface area (SASA), and net charge index (NCI) of side chains of amino acids. The protein sequences were then represented as periodicity of each physicochemical property (eq 1)
where lag is the distance between covariant residues to consider, which ranges from 1 to 30, j is the jth physiochemical descriptor, i is the position in the sequence, and L is the length of sequence. Each protein pair was transformed into 420 dimensional vectors. 40 Then support vector machine (SVM) (the software libsvm 2.84 http://www.csie.ntu.edu.tw/cjlin/ libsvm/http://www.csie.ntu.edu.tw/cjlin/libsvm/) 41 was used to predict PPIs. SVM is a supervised learning method which uses the kernel function to transform the nonlinear features into linearly separable data. A total of 4908 experimentally verified nonredundant protein interactions in Arabidopsis were used as a training data set for the SVM. A radial basis function (RBF) was chosen as the kernel function with regularization parameters C and kernel parameter γ optimized as 32 and 0.5 because of the highest cross validation accuracy.
Calculation of Gene Coexpression Pearson's Correlation Coefficient and Mutual Ranks
Next, we compared the current protein complex profiles and the computationally predicted PPIsto previously published gene 14 and protein expression 16 data sets. The mRNA gene expression data set by Stockel et al. 14 
includes 1443 genes of
Cyanothece 51124. Five hundred seventy two out of 1443 proteins overlap with our experiment. The protein expression data set by Aryal et al. 16 was collected under day and night period and includes 976 proteins. Five hundred sixty one out of 976 proteins overlap with our experiment. Coexpression level of protein pairs was evaluated by the Pearson's correlation coefficient (PCC) (eq 2)
where COV(A,B) is a covariance of protein A and B and σ A and σ B are the standard deviation of protein A and B, respectively. In Table S3 we provide the PCC of the day, night expression and the average of the two (overall PCC). For the protein coexpression data, 16 we also computed the mutual rank (MR) of coexpression strength
which is the geometric mean of the correlation rank of gene A to gene B (R A→B ) and of gene B to gene A (R B→A ) (eq 3). A small MR correlates to a stronger coexpression of the gene. MR is useful in evaluating coexpression when some genes weakly coexpressed with all other genes and have spurious PCC values. In Table S3 we provide PCC and MR for the protein expression data. 16 
RESULTS AND DISCUSSION
SEC Fractionation and LC-MS Reproducibility
Native Cyanothece 51142 proteins were separated into 20 SEC fractions ( Figure 1 , Supporting Information Figure S1 ). The void volume was determined based on the elution peak of blue dextran (Supporting Information Figure S1A ). The molecular weight of proteins eluting in each SEC fraction was determined based on the calibration curve (Supporting Information Figure  S1B ). We performed two independent SEC fractionations (Supporting Information Figures S1C and S1D). Accuracy of label-free protein quantitation is limited if peptide intensity measurement is inconsistent. We tested the reproducibility of peptide signal intensity and peptide retention time on the LC column by analyzing three technical replicates from one of the fractions (F9 of Bio2). Of the total 1170 peptides and 335 proteins, 971 (83%) peptides and 298 (89%) proteins overlapped in all of the 3 technical replicates (Supporting Information Figures S2A and S2B ), which is a good indication of LC-MS reproducibility for protein identification. The average coefficient of variation (CV) of MS1 intensity was ∼15.1%, and the CV of the peptide retention time was <1.0% (Supporting Information Figures S2C and S2D ), which also indicated good reproducibility for intensity-based label-free quantitation.
Global Analysis of the Expressed Proteome
In total, we identified 1567 proteins in Bio1 and 1436 proteins in Bio2, of which 1386 proteins (88% of Bio1 and 96% of Bio2) were common ( Figure 2A ). Pearson's correlation coefficient of 1386 protein intensities as a function of SEC fraction numbers ( Figure 2B ) showed the highest correlation coefficients along the diagonal, which indicated that protein elution peaks were reproducible between the biological replicates. However, the high correlation of signal intensities expanded to several adjacent fractions for high molecular Peak elution fraction of each identified protein, M app , and R app were determined as described previously. 19 M app , apparent molecular mass. M mono , predicted molecular mass of monomer. R app , ratio of M app to M mono (M app /M mono ). Proteins with an R app ≥ 2 in both replicates were considered to be in a complex.
weight protein complexes. This is because the molecular weight of these proteins was beyond the size limit of the SEC column. The box plots in Figure 2C further confirmed that quantitation was consistent across column fractions. Reproducibility of protein elution peaks in the SEC column between the replicates is important to predict protein complexes based on their apparent mass (size). To check the reproducibility, we compared the shift in the elution peak fraction (global maximum) of all of the identified proteins between Bio1 and Bio2 ( Figure 2D ). Fifty-five percent of the proteins were identified without any peak shift (0 fraction shift), and >90% of the proteins were identified within a 0−2 fraction shift, confirming good SEC reproducibility.
Hierarchical Clustering of Protein Elution Profiles
Proteins with a similar elution profile were clustered and further subjected to bioinformatics predictions of PPI. Proteins interacting within complexes should display similar SEC elution profiles and belong to the same cluster. The results of different clustering methods (see Experimental Methods for details) were compared using several known protein complexes such as PSI, PSII, light-harvesting complex, ribosomal proteins, and others, and the method which assigned most of the known protein complex subunits within the same cluster was selected.
Since these known protein complexes stably exist in the Cyanothece 51142, the clustering results did not differ much with different combinations of clustering methods. Because the computational method was used to further filter out the false interacting pairs with similar elution profiles, the smaller number of clusters with more proteins within each cluster was adopted in order to generate more protein pairs subject to prediction within the same cluster. The average linkage hierarchical clustering method with 30 clusters was used. The heat map of the Euclidean distance of elution profiles is plotted in Figure 3A . The heat map of elution throughout the SEC fractions shows that a significant number of proteins peaked at the high molecular weight fractions, which indicates that many proteins are migrating through the SEC column as complexes. To roughly estimate the proportion of proteins that migrate as stable complexes, we determined the peak elution fraction (global max) of each protein and used that global peak fraction to estimate the size or apparent (native) molecular weight (M app ). Many proteins eluted in high-mass fractions, suggesting that they remained intact during SEC separation. Figure 3B shows the distribution of the monomer (M mono ) and the M app of proteins. The M mono is concentrated in the lower molecular weight ranges, and M app is concentrated in high molecular weight ranges. Previously, we used R app (apparent ratio = M app divided by M mono ) 19, 42, 43 to define a protein complex as those having an R app value of 2 or higher in both biological replicates. Despite several limitations, R app is a useful metric to globally predict putative protein complexes. Figure  3C shows the R app distribution of proteins in the two biological replicates. The circles along the solid line represent proteins eluting in exactly the same fraction, thus the same R app values, in both biological replicates (0 fraction shift in elution peak); ∼55% of the proteins fell in this category. Circles along the dotted lines indicate proteins with 1 fraction shift, and ∼30% of the proteins had 1 fraction shift in their elution peaks. Our R app predictions agreed well with the oligomerization state of several known protein complexes. For example, the M app of PSI complex subunits ranged from ∼376 to 550 kDa (Supporting Information Table S2 , rows 565−578), in agreement with the previous report. 44 Enolase peaked in fraction 11 with an M app of ∼105 kDa, close to the known dimeric structure. 45 Enolase also peaked in a fraction with M app of ∼105 kDa in our previous analysis using Arabidopsis. 19 Another glycolytic enzyme, phosphoenolpyruvate carboxylase (Ppc; cce_3822), was identified with R app of 4.6 in both the replicates, close to the known tetrameric structure of this enzyme. 46 Arabidopsis PEPC (PEPC1 and PEPC2) were also detected with an R app of ∼4 in our previous study. 19, 29 Using R app values we found that 64% (946 out of 1386) of the proteins detected in both biological replicates were predicted as complexes. The protein complexes were functionally diverse including those involved in translation, carbohydrate metabolism, photosynthesis, respiration, ion transport, folding, and ATP and metal ion binding (Supporting Information Figures S3A and S3B ). Despite our mild lysis buffer, the protein list included both cytosolic and membrane proteins (Supporting Information Figure S3C ). Our membrane protein list included many cytoplasmic and thylakoid membrane proteins and both cytoplasmic (hydrophilic) and membrane (hydrophobic) domain proteins. However, cytoplasmic domain proteins were detected with higher relative abundances than membrane domain proteins, indicating that they are more accessible for solubilization during extraction. It is important to mention here that we detected PsaA, PsaB, PsaC, PsbB, PsbC, and PsbA2, and all are known to be hydrophobic. Protein sizes were also diverse ranging from ∼20 to ∼800 kDa. About 50% of those putative complexes eluted in either the void or high molecular weight (>600 kDa) fractions, including many 30S and 50S ribosomal proteins, PSI and PSII proteins (Supporting Information Figure S4 ), phycobilisomes, thioredoxins, ferroredoxins, glutaredoxins, NDH-1 complex ( Figure 5 ), elongation factors, and many unknown or hypothetical proteins (Supporting Information Table S2 ). One-third of the proteins eluting in the void were unknown or hypothetical proteins. Many of these unknown proteins showed highly correlated elution profiles with other known protein complexes and also were predicted as interacting pairs by the computational method. For example, unknown protein cce_4744 showed a correlated elution profile with cytochrome f (PetC1; cce_2958) ( Figure S5A ); another unknown protein cce_0494 coeluted with PSII reaction center protein PsbB (cce_1837) and PsbC (cce_0659) ( Figure S5B ). In addition, 
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Article DOI: 10.1021/acs.jproteome.8b00170 J. Proteome Res. XXXX, XXX, XXX−XXX uncharacterized proteins cce_1749, cce_3678, and cce_3430 have highly correlated elution profiles with the protein involved in disulfide bond formation (cce_1972) ( Figure  S5C ), and their protein-level expression is highly correlated (Supporting Information Table S3 ). These and several other evidence (Supporting Information Table S2 ) suggest that we may have uncovered many novel and apparently large protein complexes that are currently characterized as unknown.
Of the 1386 proteins, ∼400 proteins were annotated as unknown and ∼70 proteins were classified as hypothetical proteins. Two-thirds of these proteins (∼300) have R app ≥ 2 in both biological replicates (Supporting Information Table S2 ). This suggests that we have detected many protein complexes whose function is currently unknown, and highlights the significant challenge ahead for functional characterization of these unknown proteins, as in general >40% of the proteome in prokaryotes and >50% in eukaryotes are not characterized. 47 Our experimental system also detected proteins that are partitioned between the cytosol and the cytoplasmic and/or thylakoid membrane; indeed, there are a number of proteins with known membrane localization that were detected as apparent subunits of large complexes. Most of those detected membrane proteins are abundant proteins such as lightharvesting phycobilisomes proteins ( Figure 4A and 4B) , subunits of NDH-1 complex (Figure 5 ), PSI and PSII complexes (Supporting Information Figure S4 ), and the ATP synthases (Supporting Information Figure S6 ). It appears that subunits of these complexes are easily accessible for solublization during cell lysis due to cytoplasmic domain localization.
Key enzymes of glycolysis (GlgP1, Pgi1, Pgi2, PfkA1, Fda, Gap, Pgk, Eno1, Eno2, Ppc), TCA cycle (GltA, AcnB, SucC, SdhB, FumC), pentose phosphate (PP) pathways (Zwf, Gnd, TalA, Rpe, Pkt), and amino acid biosynthesis (AroQ, IlvN, TrpD, AroK, CysK, LeuB) (Supporting Information Table S2 ) eluted as stable complexes. Proteins involved in glycogen synthesis, GlgA1 (cce_3396) and GlgA2 (cce_0890), were identified as large protein complexes with M app of 466 kDa and R app > 5 in both replicates ( Figure 4C ). Of the three circadian clock (Kai) proteins, we identified KaiB (cce_0423) and KaiC (cce_0422; cce_4716) and eluted with multiple but consistent elution peaks in Bio1 and Bio2 (Supporting Information Table  S2 , rows 236−238). The first elution peak corresponding to fraction 5 represents approximately 466 kDa in both replicates ( Figure 4F ). In cyanobacteria, KaiA and KaiB work together to modulate the activity of KaiC in a phosphorylation-dependent manner. 48 The link between metabolic activity and the circadian behavior has previously been reported, 48 and this link might be important in Cyanothece 51142 as these microbes are typically dependent on photosynthesis as an energy source.
Computational Protein−Protein Interaction Prediction
Pairwise sequence-based PPI prediction 49 identified 74 822 putative PPI pairs among all of the 1386 proteins, of which 561 proteins have been found in the previously published protein expression data by Aryal et al., 16 and 572 genes overlap with mRNA expression data by Stockel et al.. 14 To further select predicted PPI pairs with high confidence, we referred to these protein-level and mRNA-level coexpression information. In Table S3 , predicted PPI pairs among the 561 proteins are selected that have a protein coexpression correlation 16 above 0 (Supporting Information Table S3 , column F) or mutual rank below 100 (Supporting Information Table S3 , column G) and with at least one mRNA coexpression correlation 14 above 0 (Supporting Information Table S3 , column C)). There were in total 2461 such protein pairs. These proteins are plotted in Figure 6 with the Euclidean distance of protein elution profiles and Pearson's correlation coefficient of the mRNA-level coexpression information. If protein pairs are both annotated, the number of common GO terms of the protein pairs is indicated in a color scheme with a darker color for stronger function similarity. The figure shows such pairs with functional similarity mainly locate at the top left of the plot, which indicates that they have a higher coexpression correlation and similar elution profiles with each other. Thus, the plot implies that the similarity of elution profile and high expression correlation indeed capture physically interacting protein pairs.
The predicted PPI list (Table S3 , Figure S7 ) includes pairs of obviously similar function such as PSI and PSII proteins, ribosomal proteins, cytochrome b6f complex, ATP synthases, NADPH-related proteins, chaperones, amino acid synthesis, and carbohydrate metabolism. Figure S7 visualizes the interaction network of the pairs using Cytoscape. 50 For example, PBS complex subunits ApcA and ApcB, which coelute together ( Figure 4A ), have a very high coexpression correlation at both protein and mRNA levels, share four GO terms (Supporting Information Table S3 ), and were predicted as interacting proteins ( Figure S7A ). CcmK1 and CcmK2 were also predicted as interacting pairs with a very high protein level and mRNA level coexpression (Supporting Information, Figure  S7B ) as well as AtpE and AtpB1 proteins (Supporting Information Table S3 ) and PSI and PSII polypeptides (Supporting Information Table S3 , Figures S7C and S7D ). PsaB and PsaA (MR = 2.83, PCC = 0.98) and CpcG, ApcE, and CpcC2 ( Figure 4A ) were predicted as interacting pairs with strong coexpression (Supporting Information Table S3 ). The NDH-1 complex subunits NdhO and NdhM ( Figure 5 ) were predicted as interacting pairs with high protein coexpression score (MR, 39.87; PCC, 0.81) and 3 common GO terms (Supporting Information Table S3 ).
Additionally, we referred to the STRING score for the predicted protein pairs in Supporting Information Table S3 . STRING is a database which provides various data that indicate functional and physical interactions of protein pairs in over 2000 organisms. 51 The plausibility of interactions is indicated by a score, which ranges from 0 to 1000, with 1000 for the most confident interaction. Thus, STRING provides further additional support of identified interacting protein pairs. Among the predicted PPIs with STRING combined score above 900, we discuss four interesting examples.
Putative homologues of glucose-1-phosphate adenylytransferase (GlgC2; cce_2658) and phosphoglucomutase (cce_0770) are both involved in the glycogen biosynthesis pathway in 10 other organisms. Since proteins involved in the same pathway have a higher probability to interact, it is highly possible that these two proteins interact. Another example is the type IV pilus assembly protein (PilM; cce_1578) and hypothetical protein (cce_1579). Their genes are coded in the vicinity on the Cyanothece genome within only 4 bp intergenic distance, and they also co-occur across multiple organisms. Studies of protein interactions show that genes-encoding interacting proteins are kept close to each other on the genome, 52, 53 and thus, these two proteins have high probability of interacting. The third example is uroprophyrinogen decarboxylase (HemE; cce_2966) and corproporphyrinogen III oxidase (HemF; cce_3201). They are both involved in the heme biosynthesis pathway and porphyrin chlorophyll metabolism pathway not only in Cyanothece 51142 but also in other 4 Cyanothece strains. Also, their putative homologous proteins are found to have correlated expression patterns in 
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Article other organism. The fourth example is the pyrroline-5carboxylate reductase (ProC; cce_2615) and bifunctional proline dehydrogenase (PutA; cce_1595). They are both involved in the arginine and proline metabolism pathway. Furthermore, it has been shown in Thermus thermophilus HB27 that PutA catalyzes the conversion of proline to pyroline-5carboxylate, which is the target of ProC. 54 Therefore, it is highly possible that these two homologous proteins also interact in Cyanothece 51142. Overall, we identified many large and apparently novel protein complexes in Cyanothece 51142 and further discuss several more complexes below, which are highlighted in yellow in Supporting Information Table S3 . The high resolution and searchable cluster heat maps of all of the identified proteins are shown in the Supporting Information Figure S8 and S9 for Bio1 and Bio2, respectively.
Phycobilisome (PBS) Complex Assembly
The PBS assembly consists of rod and core complexes, which are connected by several nonpigment linker polypeptides. 55 Phycocyanin (PC) is the major phycobiliprotein of the rod, and the allophycocyanin (APC) is the major phycobiliprotein of the core cylinder. The PC rod−core linker polypeptide (CpcG) connects the rod to the core and plays a key role in the assembly of the PBS. Our experiments identified all major APC and PC polypeptides, and their elution profiles were remarkably consistent between Bio1 and Bio2 ( Figure 4A and 4B). However, the elution profiles and the abundances varied among the individual polypeptides. For example, the ApcC, ApcE, CpcC1, CpcC2, CpcD, and CpcG eluted as a single peak at fraction 4 (M app = 577 kDa) or 5 (M app = 466 kDa) (Figures 4A) likely due to their stable association with the PBS assembly. In contrast, CpcA, CpcB, ApcA, and ApcB showed multiple peaks and mostly eluted as monomers ( Figure 4B ), suggesting variation in the stability and dissociation of different PBS polypeptides. The relative abundances of ApcA, ApcB, CpcA, and CpcB were higher than the other PBS polypeptides.
Grant and Lipschultz 56 reported that the high molarity of phosphate buffer (up to 1 M) was required to maintain the stability of the PBS assembly and suggested that PBS dissociated when exposed to cold temperature. Cell lysis in cold (4°C) in the absence of a high salt (anion) concentration might have dissociated some of the PBS polypeptides in this study. Most recently, Zhang and co-workers 57 also used 0.65 M Na/K−PO 4 buffer to purify intact PBS complex from red alga, Grif f ithsia pacif ica. We argue that our SEC-based profiling approach provides useful information to globally test the stability and dissociation of many protein complexes and can be a valuable source to develop protocols to isolate individual intact proteins or protein complexes.
Protein Complexes Associated with Carboxysomes
Carbon fixation in cyanobacteria occurs in carboxysomes through the compartmentalization of enzymatic reactions. 58 The carboxysomal beta-carbonic anhydrases, IcfA1 (cce_2257) and IcfA2 (cce_0871), showed a broad range of elution profiles but mostly eluted as complexes (Supporting  Information Table S2 , rows 212 and 213). The ribulose-1,5bisphosphate carboxylase−oxygenase (RuBisCo) large (RbcL; cce_3166) and small (RbcS; cce_3164) subunits showed very similar elution profiles, and both peaked in fraction 12 with M app of 105 kDa ( Figure 4D ). The elution profiles of CO 2 concentration mechanism proteins (CcmM, CcmL, CcmK1, CcmK2, CcmK3, CcmK4) were also highly consistent in Bio1 and Bio2 ( Figure 4E) , and all but CcmK2 and CcmK4 eluted in high-mass SEC fractions. Ccm protein profiles suggest variations in their stability, abundances, and complex association.
Enzymes Involved in Glycogen Synthesis and Metabolism
The glycogen granules in Cyanothece 51142 are formed via photosynthesis and metabolized in the dark as a substrate for respiration to make ATP and to reduce intracellular oxygen to protect nitrogenase. 9, 11 The storage of α-glucan occurs through the sequential actions of ADP-glucose pyrophosphorylase (AGPase), glycogen/starch synthase (GS/SS), and a brancing enzyme (BE). 59 Cyanothece 51142 genome contains two genes for GS/SS (GlgA1; cce_0890 and GlgA2; cce_3396), two AGPase genes (GlgC1; cce_0987 and GlgC2; cce_2658), and three BE genes (cce_1806, GlgB1; cce_2248, and GlgB2; cce_4595). We identified all of the enzymes encoded by these genes (Supporting Information Table S2 ). The GlgA1, GlgA2 ( Figure 4C ), and cce_1806 (1,4-alpha-glucan branching enzyme) (Supporting Information Table S2, row 9) were identified as putative large complexes with R app > 5 in both replicates. In contrast, the GlgC1 (cce_0987) and GlgC2 (cce_2658) eluted mostly as monomers (Supporting Information Table S2 , rows 352 and 353). The two BE enzymes GlgB1 (cce_2248) and GlgB2 (cce_4595) were also detected as monomers ( Supporting Information Table S2 , rows 10 and 11). These varied elution profiles suggest that different enzymes involved in the same biochemical processes can have different complex stabilities. Enzymes responsible for glycogen metabolism (GlgP1; cce_1619, GlgP2; cce_5186 and GlgP3; cce_1603) showed broad elution profiles and eluted both as a complex as well as monomers (Supporting  Information Table S2 , rows 131, 130, and 129, respectively).
3.9. Photosynthesis, ATP Synthase, and Respiratory Complex Assembly 3.9.1. PSI and PSII. The thylakoid membrane of cyanobacteria contains PSI, PSII, the cytochrome b6f complex, and the ATP synthase. Both PSI (PsaA, PsaB, PsaC, PsaD, PsaE, PsaF, PsaK1, PsaK2, PsaL, PsaL2) and PSII polypeptides (PsbA1, PsbA2, PsbA3, PsbB, PsbC, PsbD1, PsbE, PsbF, PsbH, PsbL, PsbP, PsbQ, Psb27, Psb28, Psb28-2, and PsbV) eluted in a high-mass SEC fraction with calculated M app from ∼500 to ∼400 kDa (Supporting Information Figure S4 ). Second minor elution peaks were observed in fraction 10 or 11 with a M app of ∼160 or 120 kDa, but we did not detect any major peaks eluting as monomers. PSI assembly proteins Ycf3 (cce_0285), Ycf4 (cce_2172), and Ycf37 (cce_0285) also coeluted with other PSI proteins (Supporting Information Figure S4A ). The PSI biogenesis protein (BtpA; cce_1973) was identified as a complex with R app of 3.5 in Bio1 and 2.8 in Bio2 (Supporting Information Table S2 , row 568). BtpA is an extrinsic thylakoid membrane protein and was recently found to be a necessary regulatory factor for the stabilization of the PsaA and PsaB proteins in Synechocystis sp. 6803. 60 The exact molecular mechanism of BtpA is currently unknown, but in Synechocystis sp. 6803, it was predicted to likely function as a chaperone, directly interacting with PsaA and PsaB proteins. 60 In our experiment, BtpA did not coelute with PsaA and PsaB, indicating that it may not directly interact with PsaA and PsaB.
Photosystem II eluted in fractions F5 and F6 with an approximate molecular weight of 500−600 kDa, which would be consistent with a PSII dimer. 61 As shown in Supporting Information Figure S4B , all of the major PSII proteins were found in this fraction, including the oxygen-evolving complex (OEC) proteins PsbO and PsbQ and assembly proteins such as Psb28 and Psb27. On the other hand, two other proteins associated with the OEC, PsbU and PsbV, are found mostly as monomers in fractions F17−F19. Importantly, the D1 proteins encoded by the psbA genes and are not found in stoichiometric levels relative to components PsbB, PsbC, and PsbD. There are also lesser quantities of PsbA2 and PsbA3 in these fractions. This can be attributed to the repair and replacement of D1 proteins in the light.
The D1 protein of PSII, encoded by the psbA gene, is a key member of the PSII enzyme complex and provides multiple cofactors necessary to mediate light-induced oxidation of water to molecular oxygen. 62 The Cyanothece 51142 genome contains 5 psbA gene copies that encode 4 D1 protein isoforms. The D1 protein isoforms encoded by psbA1 (cce_3501) and psbA5 (cce_0636) are highly identical in amino acid sequences followed by the D1 isoforms encoded by psbA3 (cce_0267) and psbA2 (cce_3411) genes, respectively. The most divergent of the four Cyanothece 51142 D1 orthologs is the D1 isoform encoded by psbA4 (cce_3477). 62 We identified D1 isoforms encoded by psbA1, psbA5, psbA2, and psbA3 genes, and all coeluted in high molecular weight fractions (Supporting Information Figure S4B ). The D1 isoforms encoded by psbA1 and psbA5 were grouped together (Supporting Information Table S2 , row 585) due to their high amino acid similarity. We did not detect the most divergent D1 isoform encoded by psbA4 gene. We previously demonstrated that PsbA4 would appear to be unable to bind the Mn cluster and is only expressed in the dark under N 2 -fixing condition. 63 This may represent an evolutionary adaptation so that less O 2 can be evolved under such conditions. We will plan to study the differences in protein complexes in the light and dark in the near future.
3.9.2. ATP Synthase. We also detected many ATP synthase subunits (AtpA1, ATPA2, AtpB1, ATPB2, AtpC, AtpD, AtpE, AtpF1, AtpF2) with two clearly distinct elution peaks (Supporting Information Figure S6 ). AtpA1 and AtpB1 subunits were detected with higher abundances due to their accessibility to the cytoplasmic domain (Supporting Information Figure. S6 ). About one-third of the ATP synthase was recovered in fractions F5 and F6, consistent with the ATP synthase holoenzyme with most of the subunits, including at least some of the a and c proteins that are located entirely within the membrane. The other two-thirds of the ATP synthase proteins were found around fraction F12, which would be consistent with the cytoplasmic components, especially the α and β subunits, represented as α 2 β 2 , α 3 , and β 3 with additional proteins such as b, b′, δ, γ, and ε. Almost identical patterns were found in both biological replicates. The results with PSI, PSII, and the ATP synthase indicate that our isolation procedure in Cyanothece 51142 allowed full complexes to be extracted from the membrane, as long as a major component of the complex was in the cytoplasm.
3.9.3. NDH-1 Complex. The type 1 NAD(P)H: quinone oxidoreductase (NDH-1) is a membrane complex involved in diverse physiological functions. 64, 65 Cyanobacterial NDH-1 consists of at least 17 subunits, 66 and we identified a total of 15 subunits, and all identified subunits eluted in a high molecular weight SEC fraction with M app ≈ 669 kDa ( Figure 5 ). NDH-1 subunits are exposed to both cytoplasmic and membrane domains. While we identified both the hydrophilic (I, J, K, H) and the hydrophobic domain subunits (A, B, C, D1, F1, D3, F3, D4), the relative abundances of the hydrophilic domain subunits were clearly higher compared to the membrane domain subunits ( Figure 5 ). The NDH-1 complexes in cyanobacteria share a common NDH-1 M core complex and differ in composition of the distal membrane domain comprised of specific NdhD and NdhF subunits and the hydrophilic carbon uptake (Cup) domain. 64 We identified NdhD1, NdhD3, NdhD4, NdhF1, and NdhF3 subunits of the membrane domain and CupA, CupB, and CupS subunits of the hydrophilic domain ( Figure 5 ). Only NdhD2 and NdhF4 were not detected. Our analysis suggests the existence of 3 NDH-1 complex forms including NDH-1L, NDH-1MS, and NDH-1MS′ ( Figure 5 ). NDH-1L functions in cyclic electron transport and respiration, and the NDH-1MS and NDH-1MS′ function in CO 2 uptake. 64 Many NDH subunits function to stabilize NDH-1 including NdhP and NdhQ. NdhP and NdhQ are also involved in respiratory and cyclic electron flow. 67 The NdhD3, NdhF3, and CupA have higher uptake affinity for CO 2 and function by the NdhD3/NdhF3/CupA/CupS system which forms a complex with a NDH-1MS. CupB, on the other hand, is involved in a constitutive CO 2 uptake system encoded by NdhD4/NdhF4/CupB which forms a complex NDH-1MS′. 65 Our results show the coexistence of multiple forms of NDH-1 complex in Cyanothece 51142 that are responsible for respiration, cyclic electron transport, and CO 2 uptake.
Phosphorylation-Dependent Protein Oligomerization
There is evidence suggesting that protein phosphorylation plays a key role in protein oligomerization. 68 Hence, there is growing interest to reveal the correlation between protein phosphorylation and protein complex formation. This requires the extraction of proteins under denaturing conditions, and our method described in this paper has advantages for studying phosphorylation-mediated protein oligomerization. Although we did not purify phosphorylated peptides, we searched out data using pSTY as variable modification and, as expected, identified a small number of phosphorylated proteins. The phycocyanin α (CpcA) and β (CpcB) subunits eluted as a complex as well as monomers, but the monomers showed the highest elution peaks ( Figure 7A ). The major complex peak had an approximate molecular weight of ∼304 kDa. Interestingly, the complex form (shaded blue) was nonphosphorylated, whereas the monomer (shaded orange) was phosphorylated at Ser20 ( Figure 7A ). Figure 7B shows the MS/MS spectra of the phosphorylated peptide GEFLSTSpQL-DALSQMVAESNKR mapped to CpcB, and Figure 7C shows the structure of α and β subunits showing the phosphorylated S20 site.
Cyanobacteria are known to utilize a two-component regulatory system for signal transduction to cope with changes in internal and external environment 69 and use a sensor kinase to transfer phosphate from a histidine residue on the enzyme to an aspartate residue on the response regulator. 70 In contrast, Ser/Thr/Tyr kinases (STKs) are known to be involved in eukaryotic signal transduction networks; however, recent functional genomic analyses have shown a wide distribution of STKs in prokaryotes-signaling networks as well. 71 Previously, functional analysis using Synechocystis 6803 mutants revealed that phosphorylation of the β subunits of phycocyanin is involved in the perception of high light and energy transfer, which affects state transitions. 69 Our results of the phosphorylation status of CpcA and CpcB monomers and non-phosphorylation status of the complex provides new information about the novel role of protein phosphorylation in deoligomerization of phycocanin α and β subunits. Other proteins such as 2-phosphosulfolacetate phosphatase (ComB, cce_1018), 50S ribosomal protein (Rpl14, cce_4024), phosphatase ABC transporter (PstB1, cce_0883), and PSII protein Q (PsbQ, cce_0776) were also phosphorylated. Results indicate that identification of phosphorylated proteins were limited to abundant proteins likely due to the low stoichiometry of phosphorylation and no phosphopeptide enrichment.
Central Metabolism (Glycolysis, TCA Cycle, and PP Pathway)
One application of our method is to analyze the oligomerization state of enzymes that functions within a specific and wellcharacterized metabolic pathways such as glycolysis, TCA cycle, and pentose phosphate pathway (PPP). 19 Many glycolytic enzymes showed broad and multiple elution peaks (Figure 8 ). There is experimental evidence in plant and microbial systems for higher order physical associations of glycolytic enzymes that could mediate substrate channeling or the efficient delivery of pyruvate to the TCA cycle. 72, 73 Hypothetically, if this is the case one would expect to detect coelution of sequential enzymes in Cyanothece 51142.
Although this very simple regulatory scheme was difficult to explain by our elution patterns, we indeed observed overlapping elution peaks of many of the glycolytic enzymes (except ENOLASE and ALDOLASE) in high-mass SEC fractions ( Figure 8A ). This might be due to the existence of some stable and higher order organization of these glycolytic enzymes; however, the broad elution profiles were complex, and further investigation is needed. The majority of glycolytic enzymes except GlgP1, GpmA, and GpmB eluted as complexes. We identified all of the 3 GlgP isoforms (GlgP1, GlgP2, and GlgP3) which peaked elution at the low-mass (monomer) fractions, but they also have peaks at the highmass SEC fractions, suggesting that a fraction of these enzymes also exists as a complex ( Figure 8A) . Similarly, GpmA and GpmB also showed the largest peak as monomer but also showed peaks as complexes ( Figure 8A ).
Many TCA cycles and the Oxidative PP pathway enzymes were also identified as complexes ( Figure 8B ). The citrate synthase, GltA (cce_1900), succinate dehydrogenase iron− sulfur protein subunit, SdhB (cce_3244), aconitase, AcnB (cce_3280), isocitrate dehydrogenase, Icsd (cce_3202), fumarate hydratase, FumC (cce_0396), and malate dehydrogenase, Mdh (cce_1850), and all but Icd, GabD, and Mdh were identified as putative complexes ( Figure 8B ). GltA eluted as a large complex with the R app of 11 in both replicates. The R app of SdhB was 6.6 in Bio1 and 8.2 in Bio2 ( Figure 8B , Supporting Information Table S2 , row 852). In contrast, SdhA (cce_0663) was identified with R app ≈ 0.3 in both replicates (Supporting Information Table S2 , row 851). Oxidative PP enzymes including glucose 6-phosphate dehydrogenase, Zwf (cce_2536), 6-phosphogluconate dehydrogenase, Gnd (cce_3746), 6-phosphogluconolactonase, Pgl (cce_4743), ribulose-phosphate 3-epimerase, Rpe (cce_0798), and transaldolases, TalC (cce_4208) and TalA (cce_4687), were identified as complexes. For example, Zwf, a branching enzyme of the PP pathway, was identified with R app > 6. In contrast, transketolase, TktA (cce_4627), and ribose 5-phosphate isomerase, RpiA (cce_0103), were identified as monomers ( Figure 8B ).
SUMMARY
The physiology of unicellular Cyanothece 51142 is diverse. An understanding of its physiology requires analysis of the full complement of proteins and the way they are organized and regulated in the cell. We started this by analyzing the Cyanothece 51142 protein complexes using the combination of SEC fractionation and quantitative LC-MS/MS profiling. This technique opens up the possibility for systems-wide studies of protein complex dynamics and interactions in cyanobacteria under various physiological conditions. We note that while this technique is very suitable for mapping stable complexes, transient or weak complexes have a higher chance to dissociate during lysis (and dilution) and SEC fractionation and consequently missed from the detection. Therefore, there is still a great need to develop a method that can better discover transient PPIs. Nonetheless, we successfully identified a number of protein complexes that are involved in key metabolic processes, which indicates the validity of our approach, and furthermore, many other known and unknown interacting pairs were identified (Supporting Information  Table S3 ), which can serve as a valuable reference for future biological works.
In this work we used bioinformatics analysis to follow up the experiments to provide further supporting evidence of detected PPIs. Since the protein clusters with their elution profiles from the SEC fractionation only provide sets of proteins that have similar profiles, bioinformatics analysis is necessary to actually identify interacting pairs. As a future direction of this work, we can further construct a tertiary structure of protein complexes using protein-docking programs 74−76 to provide residue-and atom-level information on protein complexes.
In conclusion, this work represents the first comprehensive analysis on a large-scale protein complex study in Cyanothece 51142. Thus far, differential and quantitative proteomic analysis of soluble and membrane proteins of this strain has been well established, and a wealth of information on proteins involved in major metabolic pathways is known. However, how these proteins assemble into complexes and function was largely unknown. Here, we were able to add protein complex information with other qualitative and quantitative information and established an isolation procedure and analytical platform for future studies to reveal how these protein complexes assemble and disassemble as a function of diurnal and circadian rhythms.
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